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Cyanuric acid, a suspected gastrointestinal or liver toxicant, has gained interest as a potential
degradation product of triazine herbicides, such as simazine and atrazine. This paper
investigates the determination of cyanuric acid by stable association complex electrospray
mass spectrometry (cESI-MS). The cyanuric acid is extracted from the water through a
microscale liquid–liquid extraction. The extract is evaporated to dryness, and an aqueous
solution of quaternary ammonium cationic surfactant is added. When injected into the
electrospray mass spectrometer, the surfactant and the cyanuric acid form a mass-selective
stable association complex, which may be used for confident quantification of cyanuric acid.
Several extraction solvents and surfactants were investigated. These studies provide insight
into the mechanism of electrospray for the formation of these complexes, specifically with
regard to the surface activity of the different surfactants and the chemistry of the surfactant–
cyanuric acid complexes. From an analytical standpoint, the cESI-MS method detection limit
for extraction of a 1 mL aqueous solution of cyanuric acid was 130 mg/L based on 3.14sn21 of
seven replicate injections. Standard additions were used for quantification of eight aqueous
samples. The cyanuric acid concentrations determined with cESI-MS were not significantly
different at the 95% confidence level to those determined by conventional high-performance
liquid chromatography (HPLC). A recovery of 100% from a fortified urine sample illustrates
the robustness of the technique. (J Am Soc Mass Spectrom 2001, 12, 1085–1091) © 2001
American Society for Mass Spectrometry
Cyanuric acid is a suspected gastrointestinal orliver toxicant in humans [1], and its long termeffects on ecosystems are unknown. Cyanuric
acid, which dissociates in aqueous solution to cyanurate
(Figure 1), enters the environment in several ways. It is
used as a chlorine stabilizer for recreational swimming
pool waters [2]. Because of its inherent stability, cya-
nuric acid concentrations tend to build up as more
disinfectant is added to the swimming pool, and cya-
nuric acid may infiltrate source water when the pool is
drained. Cyanuric acid may also enter the environment
as a breakdown product of triazine herbicides, such as
atrazine and simazine, from either microbial degrada-
tion [3–6], chemical oxidation [7–9] or photooxidation
[10–12]. Drinking water treatment frequently employs
chemical oxidation or photooxidation, so cyanuric acid
may enter drinking water as a result of the treatment
process. Due to concerns about the toxicity of triazine
degradation products, they have been placed on the
U.S. Environmental Protection Agency’s Drinking Wa-
ter Contaminant Candidate List (CCL), the list from
which future contaminants may be selected for regula-
tion [13, 14]. Aside from modification/degradation by
certain microbial populations, cyanuric acid is fairly
stable under many environmental scenarios. Thus, it
may serve as a marker of herbicide degradation and
spatial distribution in cases where total determination
of the individual degradation products would be unre-
liable.
Several methods exist to determine cyanuric acid,
which have been recently reviewed [15]. Of the variety
of methods that have been used, most of the more
definitive ones have relied on HPLC [16–19], and
improvements in this technique have been recently
reported [15, 20, 21]. HPLC, by its nature, provides
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identification by retention time match, which may not
withstand all legal challenges. An independent tech-
nique may therefore be required, and mass spectro-
metry is frequently chosen to provide additional confi-
dence in the identification. Cyanuric acid has been
analyzed by mass spectrometry using a solid probe
technique, after a cleanup procedure [19] or by gas
chromatography/mass spectrometry following deriva-
tization [22]. Coupling the HPLC with an LC-MS sys-
tem is problematic because the eluents conventionally
used for HPLC detection of cyanuric acid [15–21] con-
tain involatile components which rapidly degrade the
performance of the LC-MS.
Aside from involatile eluent components, another
complication for electrospray mass spectrometry, par-
ticularly for small molecules like cyanuric acid, is that
its mass is the chemical noise region of the electrospray
mass spectrum. This region contains spectroscopic in-
terferences composed of small mass ions present in the
sample or formed in the interface. In a method for
cyanuric acid determination, a continual bleed of un-
known ions significantly deteriorated the performance
of HPLC using volatile eluents, coupled to ESI-MS [21].
One method to overcome this chemical noise, which has
proven effective for the analysis of chromium [23],
perchlorate [24–26], haloacetic acids [27], transition
metals [28, 29], and boron [29] is to add a selective
complexation agent to the sample. This agent forms a
selective association complex which has a higher mass
than the analyte itself. The determination of the analyte
through the use of this mass-selective complex enables
and/or increases the confidence in the quantification of
the analyte. In this paper, we investigate the use of
stable association cESI-MS for the determination of
cyanuric acid. Because no recognized standard for
cyanuric acid is available, the experiments to determine
cyanuric acid in water were designed so that the
analytical determination could be compared with that
obtained by a conventional HPLC technique.
Experimental
Materials
Hexyltrimethylammonium bromide (C6) [2650-53-5],
octyltrimethylammonium bromide (C8) [2083-68-3], de-
cyltrimethylammonium bromide (C10) [2082-84-0], do-
decyltrimethylammonium bromide (C12) [1119-94-4],
tetradecyltrimethylammonium bromide (C14) [1119-97-
7], hexadecyltrimethylammonium bromide (C16) [57-
09-0], tetraethylammonium chloride (Q2) [56-34-8] and
tetrabutylammonium chloride (Q4) [1112-67-0] were
used as received from Fluka (Buchs, Switzerland). The
organic solvents were obtained from Fisher (Fairlawn,
NJ) and were Optima (a high purity grade by Fisher)
quality or similar. Aqueous cyanuric acid [108-80-5]
stock solution was made by sonicating the solid (Al-
drich, Milwaukee, WI) in deionized water.
Instrumentation
Injections were made with a Rheodyne model 7725
injector (Rohnert Park, CA) with a 200 mL loop. A
Waters pump model 600 (Milford, MA) was used for
the carrier liquid, which was 90/10 (v/v) methanol/
water. The mass spectrometer was a Finnigan MAT
TSQ-700 (San Jose, CA) equipped with a standard
Finnigan electrospray interface. Mass spectra were ac-
quired in the negative ion mode by scanning Q3 over
appropriate mass ranges. Data was acquired in centroid
mode. Other experimental parameters are listed in
Table 1. The HPLC instrumentation has been described
previously [15, 21]. Briefly, a liquid chromatograph
HPLC Model 200B from Bioanalytical Systems (W.
Lafayette, IN) equipped with a Rheodyne model 7125
injector with a 20 mL sample loop was used with an
internal single channel detector using UV absorbance. A
PGC column, 10 cm 3 0.30 cm, Phenomenex (Torrance,
CA) was used with an oven temperature of 35 °C. The
Figure 1. Structure of cyanuric acid, shown as cyanurate.
Table 1. Stable association complex electrospray mass spectro-
metry (cESI-MS) of cyanuric acid
Acquisition Parameters
Acquisition mode Negative ESI-MS on Q3
Ions monitored m/z 361,408
Acquisition rate 0.2 Hz
Applied ESI spray potential 24.0 kV
Interface capillary temperature 250 °C
Sheath gas pressure 70 psi (480 kPa)
Injection mode/injection
volume
Flow injection/10.0 mL
Carrier liquid 90/10 (v/v) methanol/water
Carrier flow rate 0.3 mL/min
Extraction Conditions
Aqueous extraction
ratio/extraction solvent
3:1 methyl t-butyl ether:
water
Reconstitution volume/solvent 0.100 mL aqueous C10
Extraction preconcentration
ratio (nominal)
10:1
Performance Details
Detection limita 0.2 mg/L
Analysis time for
quantification
,5 min
aSee text for more details.
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eluent consisted of 50 mM of K2HPO4 (pH 9.1) with a
flow rate of 0.8 mL/min.
Procedure
For preliminary experiments to optimize cESI-MS con-
ditions, known amounts of aqueous cyanuric acid were
combined directly with quaternary ammonium surfac-
tant solutions. For water samples, the following extrac-
tion procedure was used. The volumes and concentra-
tions listed below and in Table 1 are the ones used for
the quantitative data presented; however, other vol-
umes and concentrations were also investigated. In the
final procedure, 1 mL of aqueous sample was added to
a disposable 4 mL polytetrafluoroethylene (PTFE) faced
stopper vial. The sample was acidified with 0.075 mL of
a 0.25% (w/w) sulfuric acid solution. A volume of 3.0
mL of organic solvent was added, and the capped vial
was shaken vigorously for 2 min. A volume of 2.5 mL of
the organic solvent was drawn off quantitatively. The
organic solvent was then evaporated to dryness with a
gentle stream of argon. The sample was reconstituted in
0.100 mL of an aqueous solution of quaternary ammo-
nium surfactant. Aliquots (10 mL) of this solution were
then injected into the ESI-MS.
Results and Discussion
Effect of Extraction Procedure
The efficiency of the extraction of cyanuric acid from
water was investigated for methylene chloride, hexane,
toluene, ethyl acetate, and methyl t-butyl ether (MTBE).
Of these, ethyl acetate and MTBE showed similar effi-
ciencies based on cESI-MS results. No detectable cya-
nuric acid was extracted by the other solvents. MTBE
was chosen for future studies because of its greater
volatility, which facilitates sample preparation via
quicker solvent evaporation. The pKa of cyanuric acid is
6.9, so samples were adjusted to a pH ,6 with sulfuric
acid for charge neutralization prior to extraction [30].
The pH was varied from 3 to 6, and similar results were
achieved within this range. The log water/octanol par-
tition coefficient of cyanuric acid is approximately 20.2
[31], suggesting that partitioning into the MTBE or ethyl
acetate may not be favored. Accordingly, a larger vol-
ume of MTBE was used so that a sufficient mass of
cyanuric acid could be extracted into the organic phase
using only one extraction step.
Effect of Complexation Agent
cESI-MS analysis involves the formation of a stable
association complex of the cyanuric acid observed by
electrospray ionization mass spectrometry. Undesirable
complexes of analytes with other species, either present
in the sample or formed in the interface, are commonly
observed in ESI-MS. This phenomenon has been put to
constructive use in the quantitative analysis of chro-
mium species [23], perchlorate [24–26], and haloac-
etates [27] through the correct choice of the complexing
agent. Quaternary ammonium surfactants were inves-
tigated because HPLC experiments used a quaternary
ammonium surfactant as an ion-pairing reagent [17, 18],
implying associative capabilities between cyanuric acid
(as cyanurate) and quaternary ammonium surfactants.
A similar selection strategy, i.e., noting association
phenomena in aqueous phase, proved successful in
choosing the complexation agent for perchlorate and
haloacetate analysis [24–27].
Table 2 summarizes the results for various quater-
nary ammonium salts tested as complexation agents.
The electrospray mass spectra of the tetraalkyl ammo-
nium salts (Q2 and Q4) did not correspond to identifi-
able association complexes. The mass spectra of trim-
ethyl alkyl ammonium (Cx) salts revealed cyanuric acid
as cyanurate, (CYA) complexes of the form [Cx 1 CYA
1 Br]2 and [Cx 1 CYA 1 CYA]2 in the negative ion
mode. Also observed was the positively charged com-
plex of the form, [Cx 1 Cx 1 Br]1, which was previ-
ously reported [32] in an unrelated study. The positive
ion mode was not pursued here because of lower
sensitivity. The positive ion mode often has a higher
background, especially at low m/z, which tends to limit
sensitivity. The [Cx 1 CYA 1 Br]2 complex intensity,
observed at the most abundant mass, varied signifi-
cantly for equivalent molar concentrations of Cx surfac-
tants. The C10 complex produced the most intense
signal.
The signal intensity (Table 2) is related to the ioniza-
tion/formation efficiency of the complex and its stabil-
ity during transmission through the electrospray inter-
face into the mass analyzer. While the complete study of
these processes is beyond the scope of this paper, it is
worthwhile to observe the effect of the various surfac-
tants on the intensity of the mass spectral signal in Table
2. The ionization/formation efficiency of the complex is
related to the ability of the electrosprayed droplets to
transfer the solution phase ions into the gas phase.
Accordingly, it is somewhat surprising in Table 2 that
Table 2. Variation of peak area of the surfactant-cyanuric acid
complex for several quaternary ammonium surfactants
Quaternary ammonium
surfactanta
Relative peak
areab
Q2 (tetraethyl) not detectedc
Q4 (tetrabutyl) not detectedc
C6 (hexyltrimethyl) 7.5 6 0.7
C8 (octyltrimethyl) 7.5 6 0.3
C10 (decyltrimethyl) 16.6 6 0.3
C12 dodecyltrimethyl) 11.1 6 0.2
C14 (tetradecyltrimethyl) 5.2 6 0.2
C16 (hexadecyltrimethyl) 4.9 6 0.5
aAll surfactants were 0.01 M. The cyanuric acid concentration was 100
mg/L.
bShown as x 6 sn21 for n 5 3.
cNo ions at masses appropriate for cyanuric acid association complexes
with Q2 or Q4 were detected.
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the response doubles between C8 and C10, compared to
the smaller difference between C10 and C12, and an
even smaller change between C6 and C8. The difference
between C10 and C12 may result from decreased trans-
mission of the more massive ion, and it may be reason-
able to expect that a similar change should have oc-
curred between C8 and C10, which did not occur. One
possible explanation is that hydrophobic interaction
occurs which increases the strength and stability of the
C10 complex relative to C8, although this might not be
expected to result in a doubling of the signal. Another
explanation perhaps is related to the interesting report
that C10 exhibits a time-dependent change in surface
tension while C8 does not [33]. This time-dependent
change means that the surface tension of C8 immedi-
ately attains its full value when the liquid-gas interface
is perturbed, i.e., during droplet formation. However,
the surface tension of C10 requires a lag time after
perturbation before it reaches its full value. Thus, in the
time required for droplet formation, droplets contain-
ing C10 may attain a lower surface tension than C8,
resulting in a higher degree of droplet fission and
ultimate transmission of the ion complex. In keeping
with this explanation, note that C12 showed [33] the
same type of time dependence for change in surface
tension as C10. Accordingly, the same type of response
difference that occurs between C8 and C10 is not
observed between C10 and C12. It is important that the
study of the time dependence of the surface tension [33]
was not made under the high voltage electrospray
conditions; nevertheless, it remains an intriguing pos-
sibility.
Figure 2 shows the variation of peak area of the [C10
1 CYA 1 Br]2 complex as a function of C10 concentra-
tion for a fixed cyanuric acid concentration of 100 mg/L
(0.78 mM). The variation in Figure 2 likely arises from
two competing factors, the chemistry of complex for-
mation and the suppression in electrospray efficiency
by excess charge at higher C10 concentrations. For
decreasing C10 concentrations, the peak area reaches a
maximum at 1 mM, perhaps because of enhancement in
the electrospray efficiency at lower ionic strength. At
the same time, the amount of complex formed is influ-
enced by the molar ratio between C10 and cyanuric
acid. Accordingly, the slight decrease in peak area at the
lowest investigated concentration, 0.5 mM, may result
from the C10 becoming the limiting reagent in the
formation of the complex. Regardless, from a practical
standpoint, the concentration of C10 was chosen to be
10 times the maximum molarity of cyanuric acid ex-
pected from a series of samples, in order to avoid the
possible limiting reagent situation suggested by Figure
2. A C10 concentration of 10 mM was used for the
samples determined in this study.
Figure 3 shows peaks from three injections of 50
mg/L cyanuric acid standard. The inset in Figure 3
shows a portion of the full scan mass spectrum, ex-
panded to show the quantified complex. Each peak
represents a separate injection of the extract into the
ESI-MS. Partial distortion in the peak shapes is evident
in Figure 3. This distortion may result from turbulence
when the injected aqueous plug mixes with the carrier
solution, which is 90% methanol. The addition of 50%
methanol improved peak shape. However, this option
was not used here, mainly because the software utilized
to integrate the peaks dealt successfully with peak
shape problems, enabling quantification.
cESI-MS Detection Limit
The method detection limit (MDL) [34a, 34b], as defined
in the U.S. Federal Code of Regulations, is a measure of
the precision of replicate injections of an analyte. The
method detection limit for the cESI-MS analysis of
cyanuric acid using the optimized reaction conditions
was calculated from 3.14sn21 of seven replicate injec-
tions of a low level solution. For a 1 mg/L solution, the
MDL was calculated to be 0.13 mg/L. It is interesting to
compare the MDL with the detection limit estimated
[35] from three times the standard error in the intercept
Figure 2. Variation in signal response with C10 complexing
agent concentration for a 100 mg/L cyanuric acid solution. The
peak area of the [C10 1 Br 1 CYA]2 complex is shown. The error
bars represent sn21 for n 5 3.
Figure 3. Flow injection peaks resulting from the extraction of 50
mg/L cyanuric acid standard. Three sequential injections are
shown in the same trace. The intensity shown is of m/z 408,
corresponding to the [C10 1 Br 1 CYA]2 complex. The inset
shows the full scan mass spectrum of this complex.
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of a calibration curve prepared for cyanuric acid stan-
dards prepared from 0–40 mg/L, which calculates to
0.2 mg/L. Both this value and the MDL are practically
the same, indicating that the limit of detectability for
this technique is in the 0.1 to 0.2 mg/L range.
The detection limits are based on 1 mL of cyanuric
acid containing water being transferred through the
extraction process into 0.100 mL of aqueous surfactant
solution. This detection limit should be adequate for
bench scale degradation studies of triazine herbicides,
which have been performed at these concentrations
[7–12]. Lower detection limits may be obtainable for
eventual field studies through a number of approaches.
First, Figure 2 illustrates that better electrospray effi-
ciency might be achieved with a lower C10 concentra-
tion, provided that C10 is still present in excess, as
discussed above. Second, the detection limit might be
lowered by extracting a larger volume of water. For this
study, 1.0 mL was chosen because it was a convenient
amount for the disposable extraction vessel. Third, the
reconstitution volume of the extract may be less; 0.100
mL was appropriate for the vessels chosen. Fourth,
another route to lowering the detection limit is through
the use of solid phase extraction cartridges packed with
porous graphitic carbon (PGC) [31, 36]. Due to the
unique interactive properties between cyanuric acid
and PGC, 250 mL of water was extracted and reconsti-
tuted in no less than 0.5 mL [31, 36]. None of these
sample handling/preconcentration methods were ex-
plored here because this detection limit was sufficient to
establish that the cESI-MS results compare well with the
conventional HPLC analysis of cyanuric acid in swim-
ming pool water. Namely, cyanuric acid is added to
swimming pools at concentrations of 10 mg/L mini-
mum and 100 mg/L maximum [2], which is 50 to 500
times the cESI-MS detection limit.
Accuracy of the Determination of Cyanuric Acid
in Real Samples
Waters from eight pools were collected and analyzed by
both cESI-MS and by conventional HPLC, and the
results are summarized in Table 3. Table 3 shows that
the slopes of the standard addition plots differed from
each other and from distilled water. This is probably the
result of various substances that are coextracted from
the water sample along with cyanuric acid. These
substances may change the electrospray efficiency. The
swimming pools were from different source waters,
which contain different types and quantities of these
substances. The technique of standard additions can
satisfactorily account for these changes, as evidenced by
high correlation coefficients and good agreement with
values obtained by HPLC (Table 3).
In the accurate cESI-MS determination by standard
additions, reconstituting the dried cyanuric acid extract
in an aqueous solution ensures solubilization of cy-
anuric acid and C10; however, it causes two effects that
were not noted when organic liquids were used in
previous cESI-MS determination of other analytes [24–
27]. The first effect is drift in the mass spectral intensity,
perhaps because of accumulation of water in the inter-
face region. Indeed, a small pool of water was fre-
quently observed in the bottom of the interface cham-
ber. The water accumulating in the interface region may
contribute to variable droplet desolvation, perhaps by
inducing temperature gradients at the surface of the
interface capillary. Fortunately, this can be corrected
through normalizing the area of the complex to another
ion with the idea that all the intensities will drift by the
same percentage. In this study, the area of the [C10 1 Br
1 Br]2 complex was chosen for normalization, using
the ion with m/z 361, which provides adequate sensitiv-
ity without saturating the detector. The second effect of
Table 3. Stable association complex electrospray mass spectrometry (cESI-MS) standard curves and comparison with HPLC
Sample
Relative slope
of standard
addition curvea
Linear
correlation
coefficienta
Concentrationb (mg/L)
(cESI-MS)
cESI-MS concentration
compared to HPLC
concentration (%)c
DI 3.60 6 0.01 0.999996 0 6 0.066 –
1 2.98 6 0.01 0.999979 20.6 6 0.1 88 6 1
2 2.81 6 0.01 0.999999 5.87 6 0.02 117 6 3
3 3.60 6 0.07 0.999208 22 6 1 100 6 5
4 2.8 6 0.2 0.995132 42 6 2 103 6 6
5 2.8 6 0.5 0.992516 40 6 1 91 6 12
6 — — not detectedd not detectedd
7 2.16 6 0.08 0.997681 39 6 2 88 6 7
8 4.4 6 0.2 0.997048 80 6 3 100 6 3
urine 10.8 6 0.6 0.996626 5.0 6 0.4e 106 6 5e
aA four point standard addition curve was used. The fortification concentrations were typically 0.5 to 3 times the native concentration.
bThe concentration is calculated from the intercept of the standard addition curve. The error is the standard error in the intercept.
cThis percentage was calculated from dividing the concentration determined by cESI-MS by the concentration determined by HPLC. The uncertainty
listed is the propagated error in the calculation.
dThe sample was below the detection limit of both cESI-MS and HPLC techniques.
eThe original sample, which did not contain cyanuric acid, was fortified to 5.0 mg/L. Because of sample volume limitations, a three point standard
addition curve was used.
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using an aqueous solution is that until the solution is
injected three or four times, the signal from the complex
is not consistent. Perhaps until an equilibrium quantity
of coextracted substances build up in the interface, the
signal is not stable. Note that this effect was not seen for
other analytes [24–27] when only organic solvents were
used, which perhaps tend to keep the interface cleaner.
However, this effect can be negated by conveniently
injecting 50 mL of the first sample of the standard
addition series. Then 10 mL of each sample could be
injected sequentially. (It was not necessary to inject 50
mL of each member of the series.) Standard addition
series were injected from the lowest to the highest
cyanuric acid concentration to avoid carryover effect.
A t test was performed [37] on the data in Table 3,
and the calculation indicated that, at the 95% confidence
level, the cESI-MS technique produced results that were
not significantly different than those produced by con-
ventional HPLC. It is important to point out that since
no standard for cyanuric acid is produced by a recog-
nized authority, it is difficult to say which technique
represents the true value of cyanuric acid in these
waters. However, the good agreement between these
two techniques, which operate by independent princi-
ples, increases confidence in the ability of both tech-
niques to accurately determine cyanuric acid. One of
the samples (Table 3) was a cyanuric acid-free urine
sample, details of which are described elsewhere [21].
This urine sample was fortified to 5 mg/L with cya-
nuric acid, and the recovery of cyanuric acid in the
enriched solution was calculated to be 100 6 7%. The
ability to quantitate cyanuric acid in urine, a tradition-
ally difficult matrix, illustrates the robustness of the
cESI-MS technique. It is worth noting that HPLC run
times for the urine were about 45 min [21], which is four
times longer than for cESI-MS.
Conclusion
A mass spectrometric technique for the determination
of cyanuric acid is demonstrated. The use of a mass-
selective complexing agent reduces the possibility of
spectroscopic interferences for the sample not subjected
to prior separation. Investigation of the various compl-
exation agents provides insight into the nature of the
electrosprayed association complexes. The results for
cyanuric acid determination by cESI-MS compare well
with conventional HPLC, even for a difficult matrix,
namely urine. This increases confidence in the accuracy
of the cyanuric acid concentration reported by both
techniques. Additionally, the commercial availability of
isotopically labeled triazine herbicides and cyanuric
acid provides the opportunity to perform isotopic tracer
studies relevant to the degradation and transport of
these compounds.
Notice. Use of trade names or specific manufactur-
ers’ equipment or supplies does not constitute endorse-
ment by U.S. EPA.
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